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CORRELATION OF CORE NOISE OBTAINED BY THREE SIGNAL COHERENCE TECHNIQUES
U. von Glahn and E. Krejsa

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The prediction of frequency content and noise levels of turbofan engine
core noisé is reexamined as a result of recent test data and a new diagnos-
tic technique (E. A. Krejsa, NASA TM-82634, 1981). The diagnostic tech-
nique, utilizing a three-signal cohérence method, is used to obtain core
noise spectra for several engines. Similarities and differences of the spec-
tra are discussed. Finally, the three-signal coherence data are correlated,
leading to an improved core noise prediction procedure.

INTRODUCTION

0f the various noise sources inherent to turbine-powered convéntional
aircraft, fan and jet noise are generally considered to be the primary noise
offenders to the community. As these noise sources are reduced other $our-
ces, such as the engine core and the airframe, emeérge to provide barriers to
further aircraft noise reductions and the ability to meet new or lower noise
requirements, whether local, federal, or international (refs. 1 and 2). It
has been generally conceded that engine core noise is an important noise
source during approach and cutback engine operation. However, it was shown
in reference 1, that engine core noise was a significant noise source at
full-power conditions, indeed constituting a floor for further aircraft noise
reductions for wide body commercial aircraft using high-bypass engines.
Documentation of the importance of core noise to the overall high-bypass
turbofan engine noise is also given in réference 3 in which core noise was
shown to be the dominant noise source between directivity angles of 80 to

130" for a JT90-7 engine operating at full-power conditions.

On the basis of limited engine core noise data, several core noise pre-
diction procedures were developed (e.g., refs. 4 to 7). These prediction
procedures frequently assume that engine core noise spectra peak near 400 to
500 Hz, independent of engine airflow. In references 4 and 7, a variation
in peak frequency with engine airflow was included in the prediction formula-
tion. However, beyond a limited range of peak frequencies it was recommen-
ded in reference 4 that a constant value of 500 Hz be used.

Recently, a new method was developed that permits the core noise levels
from gas turbine engines to be measured directly (ref. 8). The method uti-
lizes a three-signal coherence technique to determine directly the levels of
the far-field noise that propagates from the engine core. The technique has
been applied to signals measured from three engines: JT15D, YF102, and
CF6-50 (refs. 9 to 11). Core noise levels as a function of frequency and
radiation angle were measured over a range of engine speeds. These measure-
ments indicate that the prediction procedures of references 4 to 7 are ina-
dequate. In particular, the assumption that the peak frequency is near
400 Hz for all engincs appears to be invalid.




In the present study an engine core noise prediction procedure based
upon these three-signal coherence analyses is developed. Included in the
procedure are considerations of (1) peak spectral noise levels and associated
frequencies, (2) spectral shape, and (3) core noise directivity.

CORE NOISE SPECTRAL DIAGNOSTICS

Core noise spectra for the JT15D, YF102, and CF6~50 (refs. 9 to 11)
core engines were obtained using the three-signal coherence technique of
reference 8. Briefly, this diagnostic technique requires the measurement of
fluctuating pressures in the far-field and at two locations within the éngine
core. For the present work, one core pressure measurement location was in
the combustor and the other was in the tailpipe. The cross-spectra of these
measurements were used to determine the levels and frequency content of the
far-field noise that propagates from the engine core. The technique permits
measurement of core noise even when othér noise sources dominate the noise
field, as in the case of most engines when operating at full power. Further-
more, no knowledge of other noise sources contributing to the far-field noise
is required. Details of the technique are given in reference 8.

ANALYSIS

Because the measured spectral data obtained by the three-signal tech-
nique indicated several peaks, as wil! be discussed later, core noise spec-
tra segmentation into one, two-, and four-spectral segments was included in
the analysis. The segments were intended to represent the various spectral
peaks. Spectral shapes were developed for each of the spectral segments.
Note that all sound pressure levels are free field plus 6dB corresponding to
the as-measured levels using ground level microphones.

The peak sound pressure level, SPL,, at e = 120° for each spec-

tral segment was plotted as a function of parameters generally considered
responsible for combustion/core noise. In the initial analysis these para-
meters included consideration of variables associated with combustor exit
velocities raised to exponents of four, six, and eight and a heat addition
model. Additional factors, generally consisting of geometry terms and, in
some cases, fluid properties, were then included to account for differences
in the core enginé configurations.

For each SPL,, the associated frequency, fp, was then determined
as a function of a modified Strouhal number. The modifications generally
consisted of core engine geometry factors.

Fipally, overall sound pressure levels, OASPL, were calculated at
© = 120 for measured data and several spectral models and then compared.
On the basis of limited data obtained from the YF102 engine core noise study,
the OASPL variation with directivity angle is discussed.

SPECTRAL SHAPE

In general, present core noise prediction procedures assumeé the core
noise spectrum to be a smooth curve. However, as pointed out in reference 8,
the core noise spectrum, excluding very high frequency turbine noise, ob-
tained by the three-signal coherence technique exhibits several peaks.
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In the present study, several segmentation spectral shapes associated
with the spectral peaks are considered. Initially a single-segment spectral
shape, as generally assumed in the literature, wa$ geénerated for the com-
posite available data for the JT15D, YF102, and CF6-50 engines. Spectral
shapes consisting of 2 and 4 segments, respectively, were then generated and
aimed at matching the séveral peaks in the measured spectral shapes. The
selected spectral shapes are shown in figure 1 in terms of the change in
decibels referenced to thé peak sound pressure level of the spectral segment,
SPLy, with the associated frequency, fp. Also shown in the figure are
the coordinates for the various spectral shapes.

A comparison of the several spectral shapes of figure 1 with the CF6-50
' engine data for an engine speed of 93-percent engine speed is shown in
i figure 2, It is apparent that multisegment spectra fit the measured data
i better than a single-segment spectrum. The curves shown in figure 2 do not
el include the increased sound pressure levels (up to 3 dB) normally associated
with the intersection of two spectra.

SEGMENT PEAK SOUND PRESSURE LEVEL

The peak sound pressure levels of the various segmented spectra when
plotted as functions of several correlation parameters were best correlated
in terms of a combustor exit velocity with an exponent of 4.0 (v%) in the
Tow frequency range and a heat addition parameter in the high frequency
range. The latter parameter is given in references 6 and 12. However, for :
each spectral segment additional geometry and/or fluid property factors also ;
had to be included.

s The following section summaraizes the segment peak sound pressure level,
=% SPLy, correlations developed in this study. Al1 data shown are for a di-
f‘ rec%ivity angle, 6, of 120 . A1l levels are free field plus 6dB.

ONE-SEGMENT SPECTRUM ;

For a single-segment noise spectrum, the peak sound pressure level could
best be correlated on the basis of a heat release parameter given in previous
correlations (refs. 6 and 12) by

2
aT A

SPL_ ~ 10 log w| 5% T (1) |
P a ¢,i

J
o

Equation (1) correlated the SPL, values for the JT15D and YF102 core
engines on a single curve. Howeeer, the CF6-50 core engine SPL, values,
while correlated with equation (1), were displaced from the small engine
data. In reference 5, the design point (or take-off power) temperature drop
across the turbine was used to correlate the noise levels for various engine
types. However, for the present three turbofan engines such a parameter
would separate the JT15D data from the YF102 data. At the same time the
CF6-50 data could be correlated with one or the other of the two small
engines but not both.
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The CF6-50 engine utilizes an annular-plug-type exhaust nozzle, whereas
the two smaller engines utilize circular exhaust nozzles. Consequently, a

geometry parameter, Dh/De. was selected to correlate all the SPLp values
on a common curve. (Note that Dh/De for the JT15D and YF102 core engines

is 1.0). The SPLp values as a function of these variables are shown in
figure 3. An equation expressing this relationship 1s given as follows:

sp 1+ 10 (Pc AT‘:)Z ( D“)4 20 log R (2)
L.=s 91 ¢+ log w = — - og
P Pa Tc.i ﬁ:

TWO-SEGMENT SPECTRUM

The development of a two segment spectrum requires a separate correla-
tion of the SPLp for each segment.

Spectral segment !, low frequency. - The low frequency segment, SPLp,
of the spectrum (< 200 Hz) couia best be corcelated with the combustor
exit velocity with an exponent of 4.0 and modified by both fluid stream and
geometry factors. The variation of the méasured SPLp, 1 with thése para-

meters is shown in figure 4(a). An equation expressing this relationship is
given by

4 2 4
N Ve oc) (2 O
SPLp,I = 67.5 + 10 log pcAC E; ;: ﬁ; ﬁ; -20 log R (3)

where subscript I refers to the low frequency spectral segment.

Spectral segment II, high frequency. - The high frequency segment,
SPL,(> 200 Hz), was best represented by the same heat-release parameter and
acoustic transmission-loss factor used for the single-segment spectrum,
except that the constant is 89 instead of 91. Thus, SPLp t1 1is
expressed by

2 4

P aT D

c %¢c h) |- 20 1og R (4)
SPLp’II = 89 + 10 ]Og w (‘—P 'T"'i> (D"'>

a ¢, e

The variation of measured SPLp.1p with the preceding modified heat-
release parameter is shown in ??gure 4(b).

FOUR-SEGMENT SPECTRUM

As in the preceding spectrum development, the four segment spectrum
requires a separate SPLp correlation for each segment.

Spectral segments 1 and II, low frequency. - In general for the three
engines included herein, the low (< 200 Hz) and high (> 200 Hz) frequency
SPL ranges were each divided into two spectral segments. As in the pre-
ceding two-segment spectrum, the low frequency segments I and II

4
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were correldted using V 4 modified for fluid properties and geometry
factors. The high frequgncy segments 111 and IV were again correlated by a
modified heat addition parameter. The correlated measured SPL, for each
of the four spectral segments are shown in figure 5. Equaticns expressing
these relationships are as follows:

vc4 [ Pe ‘ - 20 log R (5)
SPL, ;= 8.0 + 10 Tog s A r ("—a)
a [ 2 4, \2
v o D.\ /0
SPL_ 1« 68.5 + 10 log p. A, S (-E) ( °>< ) -20 Tog R (6)
p,11 e T \Pa/ \Be/\0
sp 90.0 + 10 1 P oT \2 On) 20 log R (7)
L = 90.0 + gw |57 7 5 - og
p, 111 P Tc’i/ 0,
-
10 1 <PC ATC‘)Z ( D")Z (D“)s 20 1og R (8)
SPL = 73.5+10 logw |5 =— =— - og
p, IV Pl Tc.. D, B‘;

SEGMENT PEAK FREQUENCY

In order to correlate the frequency, f,, at which the sound pressure
level peaked for each spectral segment, a Strouhal dependency modified by
geometry factors was utilized. The resultant equations for the various seg-
ment peak frequencies are given in the following section

ONE-SEGMENT SPECTRUM

0.5 0.5 '
f = 0.083 Ve (E‘i) (.gh) (g_e.) (9)
P D Ca c c
TWO-SEGMENT SPECTRUM
0.75
c C b
f . e 0,025 <& (-E) (") (10)
s 00 2 |(z2) (o2

The form of equation (10) is somewhat analogous to that given for combustion
noise in reference 13.

0.5
v. /o D
for= 025 | & (—59-) (-,f) (11)
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The validity, i.e., goodness, of equations (9) to (15) is demonstrated in

" the comparison of the measured and predicted spectra shown in the figures

discussed in the next section.
COMPARISON OF MEASURED SPECTRA WITH CORRELATION SPECTRA

By utilizing the correlations of SPLy, fp, and the segmented spec-
tral shapes developed in the preceding secgiong. empirical core noise spec-
tra were constructed and compared with measured spectra obtained by use of
the three-signal coherence technique. These comparisons are shown in figures
6, 7, and 8 for the JT15D, YF102, and CF6-50 core engineés, respectively. As
previously noted, the curves shown do not include the incredsed sound pres-
sure levels normally associated with the intersection of two spectra.

As expected, the four-segment spectrum provides the best overall fit to
the measured data, with the single-segment spectrum providing the poorest
fit. Also the constructed spectra indicate that with a single-segment spec-
trum, the frequency at the peak sound pressure level for all three engines
is generally significantly less than the commonly quoted 400 to 500 Hz in
the literature.

The two-segment spectrum appears to be a reasonable representation of
the combustion noise. The high frequency segment for the JT15D, YF102, and
CF6-50 core engines occurs in the 400 to 500 Hz frequency range frequently
associated with the peak sound pressure levels quoted in the literature.

With a four-segment spectrum the peak spectral SPL at low engine
speeds occurred below 200 Hz in the first or second spectral segments. How-
ever, near maximum ergine speeds the peak SPL tended to shift to the third
spectral segment and occurred near 500 Hz.
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OVERALL SOUND PRESSURE LEVEL

Overall sound pressure levels, OASPL, at e = 120° were calculated
from the measured data for the engine operating conditions given in figures 6
through 8. Good correlation of thesé calculated OASPL values was obtained
as a function of the heat release parameter and the ratio of hydraulic-to-
equivalent exhaust nozzle diameters as uséd in the single-segment spectrum
correlation. The resultant equation is given by _

P o, \ [0\
OASPLy_ 190° = 100 * 10 log w 5;- T::i ﬁ: -20 log R (16)

The correlated OASPL data are shown in figure 9, normalized for the dis-
tance from the coré nozzle exit plane. A1l lévels are free field plus 6dB.

The difference between the calculated and measured OASPL values is
shownt in figure 10 for the one-, two-, and four-segment spectra as a func-
tion of engine speed. In all cases the OASPLp31-0ASPLpeas values ar.
within £3 dB. With a singlé-segment spectrum %he differences in OASPL
at engine speeds greater than 60 percent were a function of a particular
engine, with plus dB values of 2 or greater for the YF102 and about --2 dB
for the CF6-50 engines. The values for the JT15D éengine were within £1.2
dB. For the two and four-segment spectra these differences in this speed
range were reduced to +1 dB, except at 60-percent engine speed. In
genéral, the 2- and 4-segment spectra are preferred for summing with other
engine noise spectra (jet, shock, fan, etc.) because of their more precise
spectral definition of core noise, even though the OASPL contributions for
the various core noise spectra are not significantly different.

OVERALL SOUND PRESSURE LEVEL DIRECTIVITY

The variation of core noise OASPL with directivity angle for the YF102
enginé is shown in figure 11 for a 30 percent engine speed. The spectral
data were corrected for any obvious tonés. This resulted in soimewhat lower
OASPL values (up to -1.8 dB) than those given in reference 8. Also shown
in the figure are predicted directivities from references 4 through 6.

The OASPL variation with directivity angle is assumed not to vary
significantly with engine speed. Consequently, theé curve based on the three-
signal coherence technique in figure 11 is believed to be directly applicable
to the engines and operating conditions included herein.

FLIGHT EFFECTS

In order to project the static core noise data herein to flight, the
method of reference b is recommended. The static-to-flight transformation
is given by the following:

OASPLF - OASPLg = -40 log (1 - Mgtos o) (17)
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CONCLUDING REMARKS

In reference 8 1t was pointed out that at the higher frequencies (above
400 Hz) the three-signal coherence technique yielded sound pressure levels
that are 2 to 5 dB below those obtained by subtracting jet and fan predicted
noise levels from the total measured noise. Several reasons were postulated
in the reference to account for this difference. These reasons included (1)
Fan noise levels were underpredicted; (2) Coherence existed between the non-
radiat1ng noise at the two engine probes; and (3) The low levels of coherence
betweén the signals at high frequencies resulted in a bias in the core noise
levels. A discussion of these items is given in the reference.

For core noise prediction the four-segment spectrum, on the basis of
the available data, yields the best fit to measured spectrum obtained by the
three-signal coherence technique. An acceptable fit to measured spectrum is
obtained also with the simpler two-segment spectrum. Use of either spectral
model for core noise prediction is considered an improvement over the methods
currently available in the literature.
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Subscripts

I, 11, 111, Iv
120°

APPENDIX A ~ SYMBOLS
combustor exit area, me
ambient sonic veloecity, m/sec
combustor exit senic velocity, m/sec
combustor exit effective diameter
nozzle effective diameter, m
nozzle hydraulic diameter, m
1/3-octave band center frequency, Hz
peak segment frequency, Mz
flight Mach number, dimensionless
overall sound pressure level, dB re 20 N/ml
ambient pressure, N/m2
combustor pressure, N/m2
source-to-observer distance, m
sound pressure level, dB re 20 N/ml
peak sound pressure level, dB re 20 N/m?
combustor inlet temperature, K
combustor temperature rise, K
combustor exit velocity, m/s
combustor mass flow rate, kg/sec
SPLp - SPL, dB
ambient air density, kg/m3
combuster exit gas density, kg/m3

directivity angle measure from the inlet, deg

spectral segments

evaluation at ¢ = 120°
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Figure 6. - Concluded.
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Figure7. - Comparison of measured spectra with several correlation spectra, YF102 englne; o, 120°
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Figure 8, - Comparison of measured spectra with several cortelation spectra, CF6-50 engine; o, 120°. |
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Figure 9. - Correlation of measured overall sound pres-
sure levels with modified heat release parameter,
o, 120%; distance from nozzle exit plane, 30,5 m,
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Figure 11, - Comparlson of measured and
predicted OASPL directivity, YF102 engine;
30% englne speed.
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